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In murine keratinocytes, Ca++-induced terminal differentia-
tion is accompanied by a rapid and sustained increase of in os i-
tol phosphates and diacylglycerol. Based on Western blot-
ting analysis, basal keratinocytes cultured in 0.05 mM Ca++ 
medium express phospholipase C (PLC)-y1 predominantly 
and no detectable PLC-p1. Differentiating keratinocytes 
cultured in 1.4 mM Ca++ express two- to threefold more 
PLC-yl protein and PLC-J1, but no detectable PLC-P1. Al-
though the amount of PLC-y1 and -151 protein increased, 
PLC-yl and -151 mRNA decreased in differentiating cells. 
Thus the sustained rise of PLC activity induced by Ca++ in 
differentiating keratinocytes may be associated with higher 
amounts of both PLC-y1 and -151 in maturing cells, deter-
mined by a posttranscriptional mechanism. Tyrosine phos-
phate content in PLC-y1 was low in basal cells and di? n?t 
change in cells exposed to 1.4 mM Ca++. However, gelllstem 
inhibited the increase in PLC activity induced by 1.4 mM 
Ca++. In contrast, transforming growth factor (TGF}a, 
which stimulates both PLC activity and growth in basal ker-
atinocytes, increased tyrosine phosphorylation of PLC-y1. 
A Ca++ gradient is maintained in both human and mur-ine epidermis in lIivo, where the basal and spinous cells are in a Ca++ environment below serum Ca++ levels, whereas the granular cells and stratum corneum are in a high-Ca++ environment [1,2] . The importance of [his in vivo gradient in maintaining epidermal functions is suggested 
by in vitro studies of cultured murine keratinocytes where the ex-
pression of either basal or suprabasal markers of differentiation is 
regulated when the extracellular Ca++ concentration is raised from 
0.05 mM to levels above 0.10 mM in the culture medium [3,4]. The 
differentiated phenotype itl vitro requires a strictly modulated Ca++ 
signaling system, as high Ca++ concentrations (1-2 mM) stimulate 
cornified squame formation but are not optimal for expression of 
specific markers of the spinous layers. A number of studies have 
been designed to define the signaling pathways through which 
Ca- is working [4-9]. An increase in extracel lular Ca++ is asso-
ciated with an increase in intracellular Ca++ and a graded (Ca++ 
concentration dependent) stimulation of metabolism of inositol 
phospholipids in cultured keratinocytes, yielding changes in intra-
Manuscript received March 10, 1993; accepted for publication June 17, 
1993. 
Reprint requests to: Dr. Stuart H. Yuspa, Laboratory of Cellular Carcino-
genesis and Tumor Production, National Cancer Institute, Building 37, 
Room 3B25, Bethesda, MD 20892. 
These results suggest that tyrosine phosphorylation of PLC-
y1 by the epidermal growth factor (EGF) receptor is linked to 
stimulated proliferation, whereas stimulation ofPLC activity 
by Ca++ is linked to keratinocyte differentiation and involves 
th.e action of a tyrosine kinase but not tyrosine phosphoryl-
atIOn ofPLC-y1. Based on studies using the intracellular free 
Ca++ chelator BAPTA, a rise in intracellular free Ca++ was 
not required for stimulation ofPLC activity by raising extra-
cellular Ca++. Phorbol esters inhibited PLC stimulation by 
1.4 mM Ca++ medium and increased serine phosphorylation 
of PLC-y1. Exogenous phosphatidylinositol-specific and 
phosphatidylcholine-specific bacterial PLC also inhibited 
endogenous inositol phosphate formation and increased en-
dogenou.s diacylglycerol (DAG). Thus, direct serine phos-
phorylatIOn ofPLC-y1 by protein kinase C is associated with 
the inhibition of Ca++ -mediated PLC stimulation. These re-
sults show that keratinocytes have multiple mechanisms to 
regulate P~C activi~ in response to a specific signal. Key 
words: calclUm/tyrosme phosphorylation/BAPTA/protein 
kinase C.] Inllest Dermatol1 01 :719-726, 1993 
cellular diacylglycerol (DAG) and inositol phosphate (InsP) that 
vary directly with extracellular Ca++ [5,6]. The effect of Ca++ on 
InsP formation is not accompanied by changes in the turnover of 
other membrane lipids [6,7,10], suggesting the inositol phospho-
lipid turnover pathway may be relevant to the Ca++ signaling. 
Phospholipase C (PLC) is a family of isoenzymes that are able to 
cleave inositol phospholipids to DAG and ImP [11-15]. Three 
families of PLC isoenzymes, PLC-fl, -y, and -6, have been well 
characterized at the molecular level [12,14,15]. Of the isoenzymes, 
PLC-fll (1~0 kDa) i.s abundan~ in brain and PLC-yl (145 kDa) has 
been found 111 most tissues studied [14,16]. PLC-y1, unlike the other 
PLC isoenzymes, contains a sarc homology 2 (SH2) domain that 
directs the interaction of PLC-y1 with certain tyrosine kinase 
growth factor receptors in some cell types [17 - 20] . The SH regions 
ar~ n~ncat~lytic domains that are conserved among many cytoplas-
mic slgnailng prote1l1s regulated by receptor-tyrosine kinases, and 
tyrosi~e phosphorylation has been suggested to be of major impor-
tance 111 .the r.eg~latl?n of PLC-y1 activity [20,21]. Despite the tis-
sue-specIfic distribution of the isoenzymes, the biologic significance 
of the different PLC isoenzymes is yet to be defined. Other factors 
that stimulate InsP formation have been identified and these include 
aluminum fluoride, which stimulates PLC-fl1 activity via a 
G-protein-mediated mechanism, and Ca++, which has a direct co-
factor effect on activity of all PLC isoforms in vitro and stimulates 
PLC activity in permeabilized cells [15 ,22-26]. Inhibitory mecha-
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nisms regulating InsP formation and PLC activity h ave also been 
described. Protein kinase C activation inhibited InsP formation by 
phosphorylating PLC-j11 in brain homogenates but did not modify 
PLC-),l in the same study [27). Similarly, serine phosphorylatIOn of 
PLC-yl by cyclic adenosine monophosphate {cAMP}-dependent 
protein kinase A inhibited PLC-yl ac tivity in human lymphocytes 
l28]. 
Previous studies on PLC regulation have generally used model 
systems in which activation resulted in mitogenesis, secretion, or 
altered metabolism. Furthermore, the analyses often employed ma-
ter ial from cells of fibroblastic or hematopoietic origin or brain 
homogenates . In some reports tum?r. cell line~ were evaluated. In 
contrast , the stimul ation ofPLC activity by Ca 111 keratll10cytes IS 
linked to a maturation program and as~ociated wit~ inhibited pro-
liferation. Therefore, the current studies were deSIgned to deter-
mine the profile of PLC isoenzymes in basal and differentiating 
mouse keratinocytes. Furthermore, the mechamsms that regulate 
PLC activ ity in response to changes in extracellular Ca++ were 
examined. 
MATERIALS AND METHODS 
Reagents The radiolabcled ['H)-inositol phosphates were from NEN-
Dupont and the ['H]myo-inositol was from Amersham (Arlington Heights, 
IL). Chelex as well as the reagents for protein assay were from Bio-Rad 
(Richmond , CAl. Antibiotics used in the cell cultures were from Gibco 
(Grand Island, NY) .. 12-0-tetradecanoyl-phorbol-13-acetate (TPA) . was 
from Consolidated Midland (Eden Prame, MN). Bryostatlll (bryostattn 1) 
was generously provided by Dr. G. R. Pettit, Arizona State Universiry 
(Tempe, AZ). Phosph~tidylcholine-specific PLC enzyme (fron;t ClostridiulIl 
per{rillgell s) was from Sigma (St. LOUIS, MO), and phosphatldyllllositol-spc-
cihc PLC enzyme (from Bacillus thllritlgie/lSis) was from Calbiochem (La 
Jolla, CAl . Mouse monoclonal anti-phosphoryrosine an tibodies and genis-
tein were purchased from Upstate Biotechnology (Lake Placid, NY). Fura-2 
acetoxymethyl ester (fura-2, AM) and 1,2-bis(2-aminophenoxy)ethane-
N,N,N' ,N'-tetraacetic acid (BAPTA) were from Molecular Probes (Eu-
gene, OR) . Human transforming growth factor (TGF)a was a gift from Dr. 
Richard Harkins of Berlex Biosciences (Alameda, CAl. 
Cell Cultures Ptimary mouse keratinocytes were derived from newborn 
Balb/ c mice and plated at 4 X 106 cells per 60-mm culture dish Or 1.5 X 106 
cel ls per 35-mm dish (3). Keratinocytes were maintained as basal cells by 
growing in Eagles minimal es~ential medium (EMEM),(Whittaker; Walk-
ersville, MD) supplemented With 0.05 mM Ca++, Earle s balanced salt solu-
tion, 8% Chelex-treated fetal bovine serum, and antibiotics (80 U /ml peni-
cillin, 80 I1g/ml streptomycin sulfate , 0.2 I1g/ml amphotericin B). All 
experiments were carried out when the cell cultures were at ~onflu~nt den-
siry. Terminal differentiatIOn was mduced by exposure to medlllm WIth 0.12 
or 1.4 mM Ca++. 
Immunoblot Analysis PLC isoenzymes were detected using Western 
blot ana lysis of whole-cell lysates. Cultures were washed once with phos-
phate-buffered saline (PBS) (Ca++ and Mg++ free) and total cell lysates 
prepared by adding lysis buffer (50 mM N-hydroxyethylpiperazinc-N '-2-
ethanesulfonic acid [HEPES], pH7.5; 150 mM NaCl; 10% glycerol; 1% 
Triton X-I00; 1.5 mM MgCI2 ; 1 mM ethyleneglycol-bis(tJ-aminoethyl 
ether)-N ,N ,N', N ' -tetraacetic acid [EGTA); 10 I1g/ml aprotinin; 10 I1g/ml 
leupeptin; 1 mM phenylmethylsulfonyl fluoride [PMSF]; 200 11M sodium 
orthovanadate; 10 mM pyrophosphate; 100 mM sodium fluoride, and 30 
mM p-nitrophenylphosphate) to cell cultures [29]. Aliquots containing 
equal amounts of protein were separated using an 8.5% polyacrylamide gel, 
transferred to reinforced nitrocellulose membrane (BA-S NC; Schleicher 
and Schuell , Keene, NH), and uniformiry of protein loading was confirmed 
by staining with Ponceau-S (Sigma). Filters were incubated with blocking 
solution (tris-buffered saline with 3% gelatin) for 30 min, primary PLC 
an tibody for 12 h, and secondary an tibody for 45 min with several washes 
(tris-buffered saline, pH 7.4, 0.2% Tween 20) between incubations. Mouse 
monoclonal antibodies specific for each of the PLC isoenzymes were pre-
pared as previously described [16]. The mixtllr~ of monoclonal antibodies 
used for immunoprecipitation and immunoblottmg ofPLC-yl and PLC-bl 
contained F-7-2, B-6-4, 0-7-4, E-8-4, and E-9-4 for PLC-yl, and S-11-2, 
R-39-2, Z-78-5 for PLC-Ol [16] . Antibody against PLC-tJl was a rabbit 
polyclonal antibody [16]. Secondary antibody in the detection of PLC-yl 
and PLC-b1 was a 1 : 5000 dilution of goat anti-mouse IgG conjugated to 
horseradish peroxidase, and a respective goat anti-rabbit antibody was used 
for the detection ofPLC-tJ1 (Bio-Rad). Antibodies were diluted in Tris-buf-
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fered saline with 3% bovine serum albumin. PLC was visualized using a 
commercially available kit for enhanced chemiluminescence (ECL) (Amer-
sham). All immunoblotting experiments werc repeated at least twice. 
RNA Analysis Poly-(A +) RNA was isolated from cultured keratinocytes 
using a commercially available kit (Invitrogen, San Diego, CAl. Samples 
(3 - 5,ug) of RNA were electrophoresed using a 1% agarose gel containing 
0.66 M formaldehyde and transferred to reinforced nitrocellulose (BA-S 
NC; Schleicher and Scheull). Northern blot hybridization was performed 
essentially as described [4]. Res idual ribosomal RNAs were used as internal 
size markers for 2 and 5 kb. The full-length rat PLC cDNAs ofPLC-y1 and 
PLC-bl were isolated from plasm ids PIBI31 and PIBI20 (International Bio-
technologies Inc., New Haven, CT), respectively. The probes were labeled 
by nick translation, and they detected single transcripts of approximately 5.3 
kb and 3.0 kb for PLC-yl and PLC-bl, respectively [13,18,30]. Glyceralde-
hyde phosphate dehydrogenase (GAPDH) transcripts were identified using 
a nick-translated rat cDNA in a pUC1 8 vector to normalize for loading of 
mRNA [30,31]. Northern blot analysis was performed by sequential hybrid-
ization to different probes, as indicated in each figure. Any probe remaining 
from previous hybridization was removed by washing filters in 1 % glycerol 
at 80% for 2 min. All mRNA experiments were repeated twice. 
Measurement of Intracellular Calcium Analys is of intracellular C a-l+ 
in monolayer cells grown on coverslips was accomplished by using fluores-
cence video microscopy with PC-based digital imagc analysis as previously 
described [8). Cells were loaded with fura-2 , AM (25 ILM) in a serum-free 
Krebs/HEPES buffer: 10 mM HEPES, pH 7.4,120 mM NaCl , 4 mM KCl, 1 
mM KH2P04 , 1 mM MgCI 2 , 5 mM glucose, and amino acids (SO X, BRL, 
Gaithersburg, MD) with 0.05 mM Ca++ for 1 h at room temperature and 
then washed with the same buffer. The loaded cells were held in this me-
dium for 1 h before experimental analysis. The two exci tation wavelengths 
were 340 nm and 380 nm, and the emission wavelength was 550 ± 40 run. 
Specialized software utilized was from Loats Associates, Inc. (Westminister, 
MD). Results are reported as the population mean of the single cell values for 
individual fields (n = 15 - 25 cells per field), and the experiment was re-
peated three times. 
Inositol Phosphate Measurement Previous experiments have defined 
conditions for equilibrium labeling of the phosphatidylinositol pool as well 
as the time course, the significance of the magni tude of response, and the 
distribution of individual inositol phosphates that are the product of D++-
stimulated PLC activiry in keratinocytes [5 - 7 ,9 , 1 0]. Primary cells were 
cultured on 35-mm dishes for 3 d and then labeled with [' H]myo-inositol 
(Amcrsham, specific activiry 18.3 Ci/mmol, 10 I1Cij dish final concentra-
tion) . Before extraction of inositol phosphates, the cells were incubated in 1 
ml of 30 mM LiCl-supplemented MEM for 1 h [6,7,32,33). The culture 
medium was aspirated and inositol phosphates were extracted from the 
keratinocytes with 1 mI of 0.4 M HCI04 • Extracts were neutralized with 
500 III ofo.n M KOH , 0.6 M KHCO" 5 mM Na-ethylenediamine tetra-
acetic acid (EDTA). The separation of inositol phosphates was performed 
using an anion exchange high-performance liquid chromatography (HPLC) 
(Bioseries SAX, DuPont) using a linear ammonium phosphate gradient 
(0-60% 1.5 M, pH 4.1). Radioactive illositol phosphate metabolites were 
quantitated by radioactive flow detection (Model F1B; Radiomatic Instru-
ment Co.). Radiolabcled peaks were identified using radio labeled InsP 
isomers as standards. Inositol phosphate levels were calculated as the total of 
inositol phosphates formed , and the amount was corrected on the basis of 
protein content of the dish analyzed. No significant differences were de-
tected in the relative amounts of the various individual inositol phosphates 
by any of the treatments used. The results are presented as percentage values 
of the corresponding control groups. All experiments were performed in 
triplicate and repeated at least twice with similar results. 
Protein Assays Protein was measured using the Bio-Rad Protein Assa)' 
(Bio-Rad) based on absorbance of Coomassie Brilliant Blue G-2S0. 
Phosphorylation ofPLC-yl To measure changes in phosphate content 
in PLC-), l, keratinocytes were cultured in 0.05 mM Ca++ in the presence of 
2.5 mCi/dish of 32P-orthophosphate for 14 h. Cells were treated with 1.4 
mM Ca++, TPA, or bryostatin plus TPA for 30 min in the presence 0 
32P-orthophosphate, as described in the Fig 7 legend. PLC-yl was immunor 
precipitated from whole-cell Iysates by using a mixture of monoclonal anti, 
bodies (27). The precipitated proteins were separated using sodium dodecyl 
sulfate/polyacrylamide gel electrophoresis (SDS/PAGE), and transferred ro 
Immobilon-P. The incorporation of 32P-orthophosphate into the immunor 
precipitated PLC-yl was detected by autoradiography. The amount ofPLe, 
)'1 protcin in the immunoprecipitates was checked by Western blotting and 
enhanced chemiluminescence (ECL) detection as described above. To deter, 
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mine specific changes in tyrosine phosphorylation, PLC-)' l was immuno-
precipi tated (27), the proteins were separated using SDS/PAGE, and were 
transferred to I11trocellulosc. TyroslI1c phosphorylation of PLC-y1 was dc-
tected by u sing mouse monoclonal anti-phosphotyrosi nc antibodies and 
ECL detection (sce above). 
phosphoarnino Acid Analysis Phosphoamino acids were quantitated as 
described by Meisenhelder and Hunter with minor modifications [34]. 
PLC- y 1 lIumunOprcclpltates wcre transferred to [mmobilon-P and the 
PLC-y1 ba nds were cut out and hydrolyzed in 2001£15.7 M HCI at 110' C 
fo r 90 min. The hydrolysates were dried in a Speedvac, washed once with 
200 jll H 2 0 , and resuspended in 13 til pH 3.5 buffer (pyridine/g lacial acetic 
acid/ H 2 0 10 : 100 : 1890) containing 1 Jig each of phosphoserine, phos-
phothreonine, and phosphotyrosine. The samples were spotted onto a 100-
pm cellulose plate (EM SCience, Cherry Hill , NJ) and phosphoamino acids 
resolved a t 500 volts for 2 h 111 pH 3.5 buffer followed by visualization with 
0.250/0 ninhydrin in acetone. 32P-phosphoamino acids were detected by 
au roradiography at -70 ' C. . 
Diacylglycerol Quantitation Thc amount of DAG was measured by 
converting the DAG into phosphatidic acid in the presence of [y_32P]adeno_ 
sine-5'-triphosphate (ATP) [35]. Briefly, the cel ls were ex tracted with 
methanol , 'Nhich was further ex tracted with chloroform: methanol: NaCI , 
and the chloroform phase was dried under nitrogen. Lipids w~re resus-
pended 10 50 JLI of chloroform, 251£1 of which was dried under nitrogen and 
used for phosphate analysis [36]. The remaining 25 JLI was used for the 
analysis of DAG and reacted with recombinant E. coli DAG kinase in the 
presence of [y_32P]ATP (New E~l&land Nuclear, sp. act. 3000 Ci/mmol , 8 
jlCI!sample) to form phosphatidiC aCid. The reaction mixture was rhen 
extracted, and the lipids were separated using thin-layer chromatography 
(TLC aluminum sheets, silica gel). The plates were developed in ddoro-
form: methanol : acetic aCid (65 : 15: 5, by vol.) , and the TLC plates were 
exposed to iodine vapor to visualize the unlabeled phosphatidic acid stan-
datd. The radioactivi ty was measured and quantitated by a TLC scanner. 
RESULTS 
Regulation of the Level ofPLC Isoenzymes in Keratinocytes 
by Ca++ Ca++-mediated keratinocyte differentiation is associated 
with a rapid increase in formation of InsP [5 ,6,9J. The increased 
formation of InsP is sustained throughout the period of Ca++-
induced maturation and is accompanied by an increase in DAG 
[6,37J . The magnitude .of the increase in InsP and DAG is depen-
dent on the concentration of extracellular Ca++ [6J. These studies 
were designed to identify the PLC isoforms expressed in keratino-
cyteS, to determine whether they are modulated during differentia-
tion, and to explore mechanisms of activation and repression ofPLC 
activity tha t may regulate signaling of this pathway. Immunoblots 
of detergent extracts with antibodies specific to PLC-PI (150 kDa), 
pJ.,C-yl (145 kDa), and PLC-01 (85 kDa) [12,13]' showed that 
pJ.,C-y l protein was detectable in basal keratinocytes cultured in 
0.05 mM Ca++ medium (Fig 1). At the level of sensitivity of West-
ern blots, only little if any PLC-ol was detected and PLC-Pl was 
not detectable. When keratinocytes were switched into either 0.12 
or 1.4 roM Ca++ to induce differentiation, the profile ofPLC isoen-
zymes was altered. Within the first hour after Ca++ increase, the 
amount of PLC-yl was not changed (not shown), but over 24 h 
pJ.,C-yl w as increased by Ca++ (Fig 1A). The increase was depen-
den t on the level of Ca++ in cu lture medium, and at 1.4 mM Ca++, a 
tWO- to threefold increase in PLC-yl was detected (Fig IB). PLC-ol 
protein also became readily detectable in higher Ca++ medium. 
However, PLC-pl was not detectable at any of the Ca++ concentra-
,ions studied, whereas it was readily detected in extracts from mur-
ine NIH3T3 fibroblas ts, known to contain PLC-P1 (data not 
shown). In contrast to changes in PLC-yl protein, mRNA tran-
scripts for this isoform ac tually decreased over a 24-h period in 1.4 
mM Ca++ m edium. PLC-ol mRNA content also decreased in 1.4 
mM Ca++ in contrast to the rise in protein (Fig 1). In fact, PLC-ol 
mRNA was abundant in 0.05 mM Ca++ cells where protein could 
barely be detected on Western blots. . 
Mechanisfil of Activation of PLC by Ca++ in Keratinocytes 
Whereas an increase in PLC protein was associated with the differ-
entiated phenotype of keratinocytes, it was too slow to account for 
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tl:e rapid increase in activity detected upon exposure to the Ca++ 
stlll1ulus. As PLC-,r1 is the major isoform expressed in basa l kerati-
nocytes! we e~amlJ1ed several mechanisms that may modulate th e 
rapid stlll1ulatlon of InsP format ion by Ca++ in keratinocytes based 
on studies of PLC-yl activa tIOn from other cell types. Elevation of 
extracellu lar Ca++ causes a rapid and sustained increase in intracel-
lular Ca++ [8] . Therefore, we used BAPTA (an intrace llul ar Ca++ 
chelator) to determllle whether an increase in intracellular Ca++ was 
reqUIred for the PLC response. BAPT A inhibits the increase of 
lntracellul a.r Ca++ after raising extracellul ar Ca++ from 0.05 111M to 
1.4 ~nM (FIg 2A ). H owever, treatment with BAPTA did not block 
the mcrease of 1I10sltol phosphates measured within the first hour of 
stlm.ulatlOn by 1.4 mM Ca++ (Fig 2B). These results indicate that a 
nse 111 free mtracellular Ca++ is not required for the stimulation of 
PLC activity. 
Tyrosine phosphory lation modulates activity of PLC-y1 in sev-
e~al cell types after stimulation by cytokines that activate ty rosine 
kmase rec.eptors or effectors of cerea1l1 non-receptor tyrosine kin3ses 
[38J . Gemste1l1, a tyrosine kinase inhibitor, can block certain aspects 
of Ca':'" -mduced. keratinocyte differentiation, suggesting that tyro-
sme kmases are mvolved in Ca++ signaling [39]. Genistein treat-
ment reduced basallnsP formation and blocked the stimulation of 
InsP formation occurring within 1 h of exposure to elevated extra-
cellu.lar Ca++ (Fig 3). This ~esult suggested tyrosine kinase activity 
was mvolved m the mediatIon of the initial Ca++-stimulated InsP 
formatIOn. To determine whether PLC-y1 in keratinocytes was 
tyrosme phosphorylated, cultures were stimulated with elevated 
Ca++, and the extent .of tyrosine ~hosphory l a tion was assessed by 
W estern blo.ttlng of ImmuIlopreClpltates WIth anti-phosphotyro-
sme antibodIes. PLC-y1 con tams phospho tyros ine residues even 
when extract~d from bas.a l cells in 0.05 InM Ca++, and a major 
ph.osphotyrosme . contallung protem of approximately 97 kDa 
cOlmmunopreclpltated with the 145-kDa PLC-y1 (Fig 4). During a 
1-h exposure to l.4mMea++, changes in tyrosine phosphorylation 
of PLC-yl or the assOCiated ,ProteIn were not detected (Fi g 4A) . 
However, 24 h afte~ Ca++ mcrease, the coimmunoprecipitating 
protem was r~duced m phosphotyrosine content, whereas tyrosine 
phosp.horylatlOn of PLC-y1 remal11ed unchanged (Fig 4B). Genis-
tem did not c1?ange th e phosphotyrosine content of PLC-y1 or the 
97-kDa protem after a 1-h exposure in either 0.05 or 1.4 InM Ca++ 
medium (not shown). To determine whether a tyrosine kinase-me-
diated a~vation mechanism .existed in keratinocytes, cel ls in 0.05 
mM Ca were stllTIul ated with TGFa, which is known to acutely 
1I1crease InsP l e~els 111 kerat1l10cytes [10] . This stimulus caused an 
1I1crease m tyros1I1e phosphorylation of PLC-y1 detected in West-
ern blots of immunoprecipitates and also caused an association of 
PLC-yl with the epidermal gro~th factor (EGF) receptor, which 
was detected 111 the Immunopreclpltates as a higher MW tyrosine 
phosphorylated band (FIg 5). Thus, keratinocyte PLC-y1 may be 
subject t~ acttvatlOn. by the EGF receptor kinase through direct 
modificatIOn by tyros1l1e phosphorylation. However, Ca++ stimula-
tion does not directly alter tyrosine phosphorylation of PLC-y1 
under condItIOns where PLC activity increases. 
Suppression of PLC Activity in Keratinocytes Previous re-
ports ha~e .1111pbcated protein kinase C as a negative regulator of 
PLC actIVIty [1 2, 15J. Ca++-induced differentiation is associated 
with changes in PKC expression and increases in PKC activity in 
keratlnocytes [40:41 J. To determ1l1e whether PKC activation regu-
lates InsP f~rmatlon and PLC activity in keratinocytes, cells were 
ma1l1tamed 111 0.05 mM Ca++ med ium, treated with 160 nM TPA 
for 1 h and th en incubated in medium containing 1.4 mM Ca++ to 
stimulate InsP formation. TPA treatment did not alter the basa l 
level ofInsP after .1 h (not shown) . However, TPA pretreatment 
substantially l11hlblted the stimul atOl), effect of 1.4 mM Ca++ on 
InsP formation (Fig 6). The effect ofTPA on Ca++ -induced activity 
was reversed by bryostatin, a protein kinase C (PKC) inhibitor in 
keratll10cytes [42J (not shown) . To determine whether TPA had a 
direct influence on the phosphorylation state of PLC-y1, keratino-
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Figure 1. PLC isoenzymes in keratinocytes. Keratinocytes were cultur~d for 24 h in the pres.ence of either 0.05 mm, 0.12 mM, or 1.4 mM extracellular Ca-++. 
PLC isoenzymes were analyzed by Western blotting and Northern blottll1g (A). The change m the amount ofPLC-yl protem was quantitated (B) by means of 
Image Quant sofrware and scanning laser densitometry (Molecular Dynamics Personal Densitometer, Sunnyvale, CAl of the x-ray films exposed to ECL 
detection (cf. Materials alld Methods), and arbitrary units relative to background are presented. For the Western blotting, whole-celi lysates were collected, equal 
amounts of protein were loaded to a SDS/PAGE gel, proteins were transferred onto nitrocellulose, and the PLC isoenzymes were detected using the 
corresponding PLC antibodies, followed by ECL detection. For the RNA gel blot analysis, poly(A) mRNA was isolated from cultured keratinocytes, 
electrophoresed in 1% agarose gel (3 fJ.g mRNA in each lalle) and transferred onto Illtrocellulose membrane. The membranes were probed with rhe 
corresponding PLC isoenzyme eDNA probe. Uniformity of mRNA loading was confirmed by probing with GAPDH eDNA. Shown is a representative result 
of three separate experiments. 
cytes were labeled with 32P-orthophosphate for 14- h and then ex-
posed to either 0.05 or 1.4 mM Ca++ orO.05 mM Ca-++ piusTPA for 
30 min. Immunoprecipitated PLC-y1 and three major associated 
phosphorylated proteins of 97, 85, and 50 kDa were detected by 
autoradiography (Fig 7 A). 32P-labeling of PLC-y1 was increased in 
response to TPA whereas 1.4 mM Ca++ did not cause changes in 
phosphorylation of PLC-y1 detected by these methods (Fig 7 A,B). 
Phosphoaminoacid analysis of the PLC-y1 band indicated that TPA 
increased the 32P-labeling associated with phosphoserine (Fig 7C) . 
Furthermore, bryostatin reduced the TPA-mediated phosphoryl-
ation of serine in PLC-y1. 
Because the product of PLC activity, DAG, is an endogenous 
activator of PKC, the interaction of PKC and PLC may provide a 
negative feedback pathway for controlling PLC activity [15]. 
Previous studies had suggested that exogenous PLC enzymes could 
mimic effects of phorbol esters on keratinocytes [43], and this pre-
sumably was through an increase in DAG levels. To test whether 
endogenous activation ofPKC by DAG could also cause inhibition 
of PLC activity, PLC enzyme purified from C. Perfringens (specific 
for phosphatidylcholine) or from Bacillus thuringiensis (specific for 
phosphatidylinositol) was added into the culture media of normal 
keratinocytes. A 3-h treatment with 0.3 U Iml of either enzyme 
decreased the formation ofInsP (Fig 8A), and this was accompanied 
by increased cellular content of DAG within 3 h (Fig 8B). The 
intracellular increase in only the lipid product (DAG) ofPLC activ-
ity but not the water-soluble products (InsP) suggests that exoge-
nous PLCs are active on the outer surface of the plasma membrane, 
and the InsPs are released into the culture medium, whereas DAG 
becomes cell associated. This inhibition of PI turnover by exoge-
nous PLC was mediated by PKC activity, as bryostatin blocked the 
decrease in InsP formation caused by exogenous PLC (Fig 9). 
Bryostatin did not influence the increase in PI turnover stimulated 
by Ca++. 
DISCUSSION 
Previous studies have shown that changes in gene expression during 
keratinocyte maturation are linked to changes in extracellular Ca++, 
and these correspond to graded changes in levels of intracellular 
DAG, InsP, and Ca++ [5,6,8,37,44]. The association of these con-
centration-dependent events suggested that they are important for 
the induction of keratinocyte differentiation. The current studies 
have addressed aspects of the regulation of PLC isoforms during 
Ca-++-induced differentiation of keratinocytes. The results show 
that basal cells in 0.05 mM Ca++ express PLC-yl predominantly, 
whereas no PLC-at, and only traces ofPLC-Ol, were detected. The 
induction ofkeratinocyte differentiation by Ca++ is associated with 
upregulation of PLC-y1 protein in a Ca++ -related, dose-dependent 
response within 24 h. Furthermore, PLC-01 protein, but not PLC-
{31, is also upregulated. Increased immunodetection ofPLC-{31 and 
PLC-y1 have been reported to be associated with postnatal differen-
tiation of neurons [30] and with the malignant phenotype in breast 
tissues [45]. In keratinocytes the increase in PLC proteins is not 
associated with an increase in PLC-y1 or PLC-b1 mRNA, suggest-
ing that posttranscriptional mechanisms are responsible for changes 
in protein content. The predominance ofPLC-y1 found in basal and 
differentiating keratinocytes has been described in other tissues 
[1 2,14,16] and suggests this family of enzymes as the likeliest to be 
involved in the Ca++ response. Furthermore, stimulation of PLC 
activity in keratinocytes by aluminum fluoride is additive to Ca++ 
stimulation [7]. suggesting that a member of the G-protein-
dependent {3 isozyme family is present in keratinocytes but acts 
independently of the Ca++ signal. Weare currently evaluating ker-
atinocytes for newly described members of the {3 isozyme family, 
because {31 was not detected. The biologic significance of different 
isoenzymes in a single cell type is not known, and the individual 
isoenzymes may be regulated by dilferent mechanisms including 
through the action of G-proteins and tyrosine kinases [11 ,14,15, 
46-48]. The increased PLC content of maturing keratinocytes is 
consistent with the higher sustained level of PI turnover measured 
in differentiating cells. Conversely, the sustained increase in intra-
cellular Ca-++, measured in differentiating keratinocytes [8], could in 
part be a consequence of an increase in IP3 generated through high 
PLC activity. 
To define the mechanisms underlying Ca++-stimulated InsP for-
mation, we used pharmacologic agents to modify PLC activity in 
keratinocytes. Studies with BAPT A indicate that a rise in intracellu-
lar free Ca-++ is not required for stimulation ofPLC activity. Purified 
isoforms ofPLC are Ca++ dependent enzymes, and previous studies 
have suggested that a rise in free cytosolic Ca++ in permeabilized 
cells can stimulate enzyme activity [24]. PLC activity in intact kera-
tinocytes may be stimulated by changes in membranal Ca++ con-
centrations in the absence of an increase in free cytosolic Ca++. 
Studies in other cell types have suggested that bound Ca++ may play 
a direct role in cellular functions such as protein transport and secre-
tion independent of the level of intracellular free Ca++ [49,50]' 
Nevertheless, in keratinocytes a rise in cytosolic Ca++ produced b ' 
ionophores is associated with stimulation of InsP formation [5]. 
Whereas ge nistein inhibited Ca++-mediated activation of PL 
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Pi e 2. Effect ofBAPTA on intracellular Ca++ (Ca.) and InsP formation. A)~e effect of BAPT A on the level of Ca; was measured using the Fura-2 
technique. Keratinocytes were cultured on coverslips in medium with 0.05 
mM Ca++, either in the presence or absence of 15,uM BAPTA for 1 h, 
switched to 1.4 mM Ca++ medium, and the level of Ca; was monitored for 30 
min thereafter by digital image analysis. The values of Ca. were the means 
from all cells in the microscopic field (n = 15 - 25 cells per field). Results are 
from one experiment representative of similar results from two additional 
experiments. B) The Ca++-stimulated formation of InsPs was studied with 
and without I-h pretreatment with 15,uM BAPTA. The results are mean + 
SEM, n= 3. 
we could not detect increased tyrosine phosphorylation of PLC-yl 
itself after Ca++ stimulation. In contrast, TGFa stimulated PLC 
activity, tyrosine phosphorylatio~ of PLC-yl, and associati~n of 
PLC-yl with the EGF receptor (Fig 6). Thus, Ca++ does not stimu-
late PLC-yl in keratinocytes by activating the EGF receptor and is 
notlikely to act via other receptor tyrosine kinases [15,19,38]. Nev-
ertheless, keratinocyte PLC-yl is a tyrosine-phosphorylated protein 
even in the basal cell state. Together, these results suggest that if 
tyrosine kinases are involved in the Ca++-mediated stimulation of 
InsP formation, the PLC-yl isoenzyme itself is not the substrate for 
the Ca++ -induced enzymes. Several proteins of varying molecular 
lizes have been reported to coimmunoprecipitate with antibodies 
against PLC-yl [47,48,51]' Coimmunoprecipitating phosphopro-
teins 0000,84, and 47 kDa were found in extracts of3T3 cells, and 
the two larger proteins were complexed to PLC-yl [47]. In the 
present study, a tyrosine-phosphate-modified protein with a mo-
lecular size of approximately 97 kDa coimmunoprecipitated with 
PLC-y1 from keratinocytes, and Ca++ stimulation decreased either 
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Figure 3. Genistein blocks Ca++ -mediated stimulation of InsP formation. 
Normal keratinocytes were cultured in 0.05 mM Ca++ medium either in the 
presence or absence of genistein for 15 min, and thereafter the corresponding 
incubations were continued in the presence of either 0.05 roM or 1.4 mM 
Ca++ for 45 min. The formation of [nsP was analyzed. The results are 
mean + SEM, n = 3. 
the a~ount of the 97 -kDa protei.n or its extent of tyrosine phospho-
rylation after 24 h. However, tillS change was not found within the 
first l~our of Ca++ stimulation. It is possible that this protein is a 
negative modulator of PLC-yl, and the inhibitory effect is de-
creased by Ca++ modulation of tyrosine phosphate over an extended 
time. Thus, reduction in tyrosine phosphorylation of the 97-kDa 
protein could be associated with the sustained increase in PLC activ-
ity in differentiating keratinocytes rather than with the acute activ-
ity increas.e. A 97 -kDa tyrosine phosp~oprotein with properties of a 
tyrosme kmase has recently been descnbed [52] as a common partic-
ipant in signal transduction in hematopoietic cells. The changes 
measured in the 97-kDa-associated protein in keratinocytes indi-
A. 
PLC·y1··> 
97 kDa ._> 
AMOUNT OF 
PLC-y 
o 5 20 60 NIH 
TIME (min) 3T3 
B. 
0.05 1.4 
CALCIUM (mM) 
Figure 4. Effect of Ca++ on tyrosine phosphorylation of PLC-y1. Kerati-
nocytes cultured in 0.05 roM Ca++ medium were exposed to 1.4 roM Ca++ 
for the time points up to 60 min (A) or for 24 h (B) . For the analysis of 
tyrosine phosphorylation, PLC-yl was immunoprecipitated from whole-
cell lysates by using a mixture of monoclonal antibodies. The precipitated 
proteins were separated using SDS/PAGE, traIlSferred to nitrocellulose, and 
probed with mouse monoclonal anti-phosphotyrosine antibodies followed 
by ECL detection. In addition to PLC-y1 (145 kDa), other tyrosine-phos-
phorylated proteins coimmunoprecipitare with antibodies against PLC-yl. 
The major coprccipitating protein of approximately 97 kDa has been 
marked by an arrow. As a positive control, NIH 3T3 cells were treated with 
50 ng/ml PDGF for 20 min and extracted, immunoprecipated, and immu-
nob lotted as above. 
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Figure 5. Effect ofTGFo: on tyrosinc phospllOrylation of PLCyl and the 
EGF receptor. Untreated keratinocytes or cultures treated with 50 ng/ml 
TGFo: for 2 min were lysed and either PLC-yl or the EGF receptor immu-
noprecipitated. The immunoprecipitates were separated by SDS/PAGE, 
transferred to nitrocellulose, and stained with either (A) an anti-phospho-
tyrosine antibody or (B) anti - PLC-yl antibodies. 
cate that tyrosine kinase or phosphatase activity is modined during 
Ca++-induced differentiation. As genistein inhibits both PLC acti-
vation and Ca++-induced differentiation (39], tyrosine kinase activ-
ity must be involved in the pathway triggered by the Ca++ signal. 
However, genistein does not influence phosphotyrosine content of 
PLC-yl directly, suggesting that other tyrosine kinases and sub-
strates or other PLC isoforms must be identified before this associa-
tion is clarified. Recently, changes in C-src kinase activity and sub-
cellular redistribution of C-src and other tyrosine-phosphorylated 
proteins was reported in human keratinocytes induced to differen-
tiate by Ca++ [53]. 
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Figure 6. TPA pretreatment blocks Ca++-mediated stimulation of InsP 
formation. Keratinocytes were maintained in 0 .05 mM Ca++ medium and 
incubated first with Or withoutTPA (160 nM, 1 h) for 1 h and then for 1 h in 
1.4 mM Ca++ medium to stimulate InsP formation. The results are mean + 
SEM, n = 3. 
THE JOURNAL OF INVESTIGATIVE DERMATOLOGY 
A. 
TPA + + 
SRVO + 
Ca2 +(mM) .05 1.4 .05 .05 
B. 
c. 
• 
...... PLC-y1 
~PLC-y1 
JP-Ser 
-P-Thr 
'-P-Tyr 
Figure 7. An effect of Ca++, T PA, and bryostatin on phosphorylation Ofl 
PLC-yl. Keminocytes were labeled with (lzP]-orthophosphate and treated. 
for 30 mm wIth eIther 1.4 mM Ca++, 100 nM TPA, or pretreated with 6{) 
nM bryostatin for 4 h before the TP A treatment. PLC-yl was immunoPfe>. 1 
cipitated and the ~~munopreci~itates --:ere separated by SDS/ PAGE, cram. 
ferred to Immobtlm-P, and stamed wIth antl - PLC-yl antibodies (E) and I 
exposed by autoradiography (A). The 32P-labeled PLC-yl band was cucout, 
hydrolyzed in Hel, and phosphoamino acids separated by thin-layer d et-
trophoresis. Shown is the autoradiogram of32P-labeled phosphoamino acids 
with the location of nonradioactive phosphoamino acid standards identili 
by a rroUis (C). 
Whereas the regulation of the acute stimulatory PLC response 
Ca++ remains elusive, the negative regulation of PLC activity h · 
protein kinase C appears to be important in keratinocytes . Activa_ 
tion of PKC was reported to inhibit InsP formation in several c 
types [28 ,54,55J. In keratinocytes phorbol esters inhibit the Ca+'" 
stimulation of PLC activity and increase serine phosphorylation i 
PLC-yl , suggesting that PKC activation directly regulates the sea \ 
of phosphorylation of PLC-yl. Surprisingly, TPA did not \0, 
basal InsP formation but acted specifically on induced activi ty eve.n 
though PLC-yl in basal cells was phosphorylated after TPA expo-
sure. In contrast, exogenous PLC enzymes raised DAG and inhib-
ited PLC activity even in basal cells, and this action is linked to PKC 
activation because it is reversed by the PKC inhibitor, bryoseatia 
Previously, we have reported that exogenous PLC enzymes produ 
effects in keratinocytes similar to phorbol esters [43}. It is !lot clr..u-
why the increase in DAG associated w ith Ca++-induced keracino-
cyte maturation fails to feedback-inhibit PLC activity and redu 
the level to the basal cell activity . Perhaps the increased coment 
PLC protein is a compensatory mecbanism to sustain activity. P ~ 
viously, serine phosphorylation of PLC-/ll in brain was obser\ : 
after TPA exposure, but PLC-yl was not altered in that study [2 . 
In contrast, PKC activati~n in human T lymphocytes resulted in .c 
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lIular DAG contene. The effects of twO bacterial enzymes on InsP forma-
~on were s tudied (AJ. Enzyme purified from ClostridiulII pc1rillgens was 
specific for PC and enzyme purified from Bacil/us IhurilJgiellsis was specific 
for PI. The enzymes were added (0.3 U I ml) into the culture media contain-
ing 0.05 roM Ca++ for the time indicated and then the cellular content of 
InsPs was analyzed. The results are shown as percentage of the time-matched 
control valu e (mean + SEM, n = 3). To study the formation of diacylglyc-
erols (B), the keratinocytes were cultured for 3 h in the presence of 0.3 U I ml 
of either PI-specifi c PLC (PJ-PLC; Bacillus IJlllrillgimsis) Ot PC-specific PLC 
(pe-PLe; Clostridium pe1rillgens). Thereafter, the cellular content of dlacyl-
glycerols (DAGs) was measured and the results are shown as pmol DAG/ 
nmol phosphate (mean + SEM, n = 3). 
increase of serine phosphate and a decrease in tyrosine phosphate in 
PLC-yl [28]. This suggests that the regulation of InsP formation is 
tissue specific and may depend on both the expression pattern of 
PLC and on modifying enzymes such as PKC isoforms [40,56] . This 
may also explain the different effects ofTPA and DAG on basal cell 
levels of InsP, as they differentially influence isoforms of PKC 
[56,57] . The activation of PLC by removal of serine phosphates ~y 
Ca++-activated phosphatases must also be cOllSldered as a potential 
mechanism for increasing InsP levels in differentiating keratino-
cyees. However, we were unable to identify such a change within 1 
h of Ca++ signaling. 
In summary, keratinocytes have several mechanisms of PLC-yl 
activation that may have distinct functional consequences. Tyrosine 
phosphorylation ?fPLC-yl by the: EGF :eceptor is linked to kerati-
nocyte proliferation [10]. The stnuulanon of PLC activIty 111 re-
lponse to an inc~ease in extracellular Ca++ is associated with kerati-
oocyte differenttatlon and may have a novel mechantsm of ac tIOn. 
We have not been able to demonstrate direct modification by tyro-
sine phosphorylation of PLC-yl, the predominant isoform in basal 
keratinocytes, in response to Ca++. A rise in intracellular free Ca++ is 
not required. This suggests that Ca++ may be acting at the plasma 
membrane. Genistein was a potent inhibitor of the PLC response to 
Ca++. Currently, we must conclude that a tyrosine kinase is in-
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volved in the Ca++ signaling, but the substra te(s) is not PLC-y1. 
Furthermo~e, i~ is unlikely that the EGF receptor is the target ki-
nase, a~ acttvat~on of this receptor in .keratinocytes by TGFa re-
sulted 111 tyrOSl11e phosphorylation ot PLC-yl and an associated 
increase in InsP. We cannot exclude the possibility that low levels 
of PLC-01 are present in basal keratinocytes because the mRNA is 
expressed. It is possible that this isoform is the target of the initial 
response of keratinocytes to Ca++, although we have not detected 
changes in tyrosine phosphorylation ofPLC-<51 in immulloprecipi-
tates from cells treated with 1.4 mM Ca++ (not shown). Interest has 
recently focused on other isoforms in the PLC fami ly, such as PLC-
y2, PLC-/12, and PLC-P3 [15] .. Of speCial interest, PLC-P3 is prefer-
entIally activated by PI' subu11lts of G proteins (Dongeum Park and 
Sue Goo Rhee, in preparation) , and PLC-y2 is activated by, and a 
substrate for, tyrosine kinase receptors [58.59]. These isoforms may 
playa role in Ca++-mediated activation of PLC, and are currently 
under study. In contrast to the lack of a defined stimulatory path way 
in the PLC response to Ca++, it seems likely that a negative feedback 
pathway in keratinocytes is the direct serine phosphorylation of 
PLC-yl by PKC. Because keratinocytes express 5 isoforms ofPKC 
[40J, future studies will address the interrelationship of specific PLC 
and PKC isoforms in regulating this signaling pathway. 
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